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Abstract
The feasibility ofusing a Scanning Probe Microscope to measure nanomechanical
properties of thin films was investigated. An Atomic force Microscope was utilized in an
attempt to perform nanoindentations to measure the hardness and elastic modulus of
several materials. A high modulus cantilever beam was constructed from silicon and a
tungsten bead was adhered to its free end. Using this cantilever assembly three samples
were indented: a bulk aluminum sample, a 2\im thick aluminum film sputtered onto a
glass substrate, and a elastomer (rubber band). Subsequent to the indenting process, force
curves were captured in the form of tip deflection versus the z-displacement of the
piezoelectric. Using transformation equations typical loading and unloading curves were
generated from this data. The loading portion of the curves were used to generate the
hardness of the materials, while the unloading portions of the curves were used to
generate the material's elastic modulus. Two analysis techniques are presented for use in
the determination of the elastic modulus in conjunction with the type of unloading
behavior exhibited. To asses the accuracy of the methods used, the values of hardness and
elastic moduli for several materials were calculated and compared to available literature
values determined by independent means. The results demonstrate that with the
construction of a stiff cantilever assembly and with the proper analysis of good force
curves, the potential of obtaining hardness and elastic moduli for thin film material's, via
an AFM, is feasible.
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For centuries materials have played a primary role in structural and load-bearing
applications. Because of the importance of materials to our society, many metallurgists
and materials scientists have persisted in their understanding and development of the
mechanical properties of structural materials. Mostly, this research has been focused in
the area of bulk structural materials (thick films). More recently though, the
advancement of new technologies and an increased interest in the down sizing and
minimization ofmaterials has stimulated an enormous amount of research and interest in
the area of thin films. This spark of interest has in recent years focused the attention of
materials scientists toward the understanding of the microscopic mechanical behavior of
materials. It is argued whether or not the approaches proven useful in the study of bulk
structural materials can be used in the understanding of the mechanical behavior of thin
films.
For example, in conventional studies of the mechanical behavior ofmaterials it is
common practice to test samples of the materials in question by subjecting them to forces
or displacements and measuring the corresponding response. These responses, typically
various states of stress, such as tension, compression, and torsion, which in conjunction
with the forces and displacements, permit the calculation of the mechanical properties of
the material. This approach however, can not readily be used to study the mechanical
properties of thin films because typically the thin films of interest are on the order of l^m
in thickness or less and are mounted/bonded to substrates. This, therefore, makes
submicron indentation inevitable in the understanding of thin films.
With the increasing trend toward miniaturization, the measurement of mechanical
properties of thin films is becoming increasingly important. Examples of such materials
are used in the fabrication ofmicroelectronic circuitry and magnetic disks which not only
need to perform their electronic and magnetic functions, but must also have various
chemical and mechanical properties that will allow them to maintain their integrity for the
life of the product. Because of this, one must have a better understanding of the
structural capabilities of thin films. If these materials are to remain operable in their
applications, corrosive and mechanical failures must not occur, thus they must provide
adequate resistance to the mechanical and chemical forces that they may incur within
their environment.
Due to this increased interest in thin film characterization there is an increasing
need for the development of reliable methods for analyzing the nanomechanical
properties, mainly hardness and elastic modulus, of thin films. The information presented
in this thesis is intended to address this need through the application of an atomic force
microscope (AFM) as a nanoindenter. Although there are commercially available
nanohardness devices capable of measuring nanomechanical properties, these devices
require the imaging of the indentation subsequent to indenting. The purpose of imaging
the indent is to capture the geometry of the indenter tip. From this geometry one can
calculate the surface area of the indent from which the hardness can be determined. This
method is difficult since thin film indents are very small (< 1/10 of the film thickness)
making them difficult to locate in order to image. Thus, the methods introduced in this
thesis attempts to overcome the need to optically measure the geometry of the
indentation.
2 Literature Review
Before introducing the idea of using an AFM as a nanoindenting device, one must
first become familiarized with the terminology of indentation. The proceeding section
provides a brief overview of traditionally used hardness testers and their applications in
determining mechanical properties of various materials. Detailed information on how
these properties are determined are discussed, since this thesis applies these techniques in
its attempt at nonindentation. As a comparison between methods used to analyze bulk vs.
thin film materials, section 2.1.1 introduces indentation methods which are applied to
bulk materials, whereas, section 2.1.2 and 2.1.3 introduce methods used to indent thin
films. What separates these methods of indentation from the method used in this thesis
via the AFM, is that, either the applied loads are far too great for thin film indentation or
the geometry of the indentation must be measured (this ideal is discussed in greater detail
in section 2.3).
2.1 Traditional hardness testers
2.1.1 Commonly used hardness testers
- (Brinell, Rockwell, Vickers, and Knoop)
"Hardness is a measure of the resistance of a metal to permanent (plastic)
deformation"1. Several methods have been developed to measure the hardness of
materials, however, the loads applied by these hardness testers are far beyond that which
is needed in the application of thin films. Commonly used hardness testers are shown in
Figure 2. 12'3. In general most hardness testers apply a known load by pressing a
Brinell hardness tester Rockwell hardness tester Knoop hardness tester
Figure 2.1 Commonly used hardness testers: Brinell, Rockwell, and Knoop Hardness
Testers. (Photos by Chris Dilts)
perpendicular indenter slowly into the surface being tested. Once the indentation has
been made, the indenter is withdrawn and an empirical hardness number is either read
from a dial (which is arranged such that soft materials with deep indentations give low
hardness numbers) or calculated based on the cross-sectional area of the impression. This
area is calculated based on the measured diameter or diagonal (depeding on the shape of
the indenter) of the imposed indent left after indentation. Thus, the obtained hardness
numbers are dependent on the applied load and the shape of the indentation. Table 2.1
shows a comparison between penetration depths, material thickness, and the standard
loads applied by commonly used hardness testers and a thin film indenting device, a
nanoindenter (this device is discussed in greater detail in the next section). As can be
seen in the table, loads for nanoindentation of thin films are much lower than those for
standard hardness testing. Because actual penetration depths are indicative of the material
being indented, this table is only meant to establish a general idea of the indentation sizes
to be expected.
Table 2.1 Comparison ofpenetration depths, material thickness, and the loads
applied by several hardness testers.
Hardness Test Standard Load Penetration Depth Material
Thickness
Brinell 500 kg Specimen thickness must be











Vickers 1 120 kg typically < 0.5mm on the
diagonal
Knoop microhardness 10
g- 5 kg generally, 0.01mm -0.1mm
CC
Nanoindenter ~1 nkg 1 p. T( in increments of 1 |i) average 1 80 u
2.1.2 Nanoindenter
Another type of hardness tester is the nanoindenter. The nanoindenter differs
from traditional hardness testers in its structure and application. The shaft, to which a
diamond indenter is fixed at one end, is vertically held in place via delicate leaf springs.










X-Y motorized positioning table
Figure 2.2 A Nanoindenter.
displacement is monitored capacitively. From the force displacement data a loading and










Figure 2.3 Typical loading and unloading force curve.
a function of the depth of indentation. From this curve it is possible to ascertain certain
mechanical properties of the material being indented. Two such properties that can be
determined are the elastic modulus and the hardness of the material. Note however, this
is only possible if the tip shape is well characterized on the scale of indentation5. In
Figure 2.3 the final depth is representative of the total displacement of the indenter
relative to the initial position of the surface. As the load is employed on the sample via
the tip, the sample will initially deform elastically. With further loading the deformation
becomes plastic. Upon unloading the elastic deformation is recovered thus the indenter is
being pushed back out of the sample by the elastic restoring forces. This implies that for
this region of the curve there is a constant contact area between the tip and the sample.
Constant contact area implies linear unloading, which is observed for over most of the
unloading region for most metals. As the tip continues to retract, the contact area
between tip and sample is lost. Therefore, the plastic depth can be defined as the depth of
the indenter in contact with the sample under load. The plastic deformation is thus found
by fitting a line tangent to the unloading curve at maximum load and extrapolating it to
zero load. The abscissa (x-intercept) is the plastic depth. From the plastic depth and
compliance, the hardness and modulus of elasticity, respectively, can be found if the tip
shape is well characterized on the scale of indentation. This method is based on the
notion that the material will conform to the shape of the indenter to some depth; and if
this depth can be established from the load-displacement data, the projected area of
contact can be estimated directly from the shape function.
Although an indenter of any shape can be used in nanoindentation, the most
common shape to use is the three-face Berkovich indenter, a three sided pyramid, because
of its small contact area. Since any three nonparallel planes intersect at a single point, it
is relatively simple to grind a tip on an indenter of a three-face Berkovich indenter
geometry. Preferably the three-faced Berkovich is the ideal geometry, however,
invariably the tip of the indenter is dominated by asperities which makes it difficult to
maintain its ideal geometry6'7. Because of this, the actual depth of indentation produces a
larger contact area than expected for an indenter with an ideal shape. To compensate for
this an effective depth, heff is used to calculate the contact area . The effective depth
indicates the depth of indentation that would be created by an ideally shaped indenter
while also producing the contact area created via the non-ideal tip for a plastic depth, hp
Figure 2.4 shows a cross-section of an indent and identifies the parameters used in this
analysis. The total displacement at any time during loading is written as
Kff=K + K (2.1)
where hs is the displacement of the surface at the perimeter of the
contact. At maximum
load the load and displacement are, Pmax and /,_. respectively, and the radius of the




Figure 2.4 A cross-section of an indent.
For a Vickers indenter of ideal pyramidal geometry (ideally sharp tip), the
projected contact area to depth relationship is given as
'
jA=j245heJf (2.2)
Since the area to depth relationship is equivalent for both the Berkovich and Vickers
pyramids, Equation 2.2 holds for the Berkovich indenter as well. A more detailed
discussion on the Doerner/Nix method used to determine the area function for the
Berkovich indenter, which assumes that the elastic modulus is independent of indentation
depth, will be discussion further in the next section.
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Stiffness
Typically calibrating the shape of an indenter, such as the Berkovich pyramid, is
done by optically imaging the indent. However, imaging hardness impressions on a
nanometer scale can be time-consuming and difficult. Clearly, insufficient imaging
techniques needed to precisely determine the dent shape and area can result in an
inaccurate depiction of the indenter shape and therefore, producing incorrect hardness
measurements. Because of this, it is more practical to use a means other than direct
observation (imaging) to determine the contact area of small indents. As a way of
alleviating the problems associated with calibrating the shape of an indenter, the
following technique was introduced for a typical Berkovich pyramid as well as other
indenter shapes .
Once contact between the tip and sample have been established, the force
gradient, dP/dh is entirely equivalent to the contact stiffness.
dP
dh
Where P and h are the load and the depth of indentation respectively. If the contact
1 T 1 Q














Where u0 and E0 are Young's Modulus and
Poisson'
s ratio of the material, respectively,
and o and E are Young's Modulus and
Poisson'
s ratio of the indenter, respectively.
ElasticModulus
As mentioned earlier the elastic modulus can be determined from the slope of the
unloading curve. By further extending Equation 2.3, Loubet et al showed that the
slope of the unloading curve could be modeled by treating the indenter as a flat-ended
elastic punch. Thus the unloading slope is given by
dh
(2.6)
the constant p for a cylindrical punch is 2/Vrr . King later showed that (3 only







Triangle p = (1.034)
V7I
2
The origin ofEquation 2.6 comes from the theory of elastic contact. While it was
1 7
originally derived for a conical indenter, this Equation holds equally well for cylindrical
and spherical shaped indenters. It has also been speculated that Equation 2.6 may be
applied to other geometry's as well . It was argued that significant deviations from the
behavior predicted by Equation 2.6 should not occur for indenters ofpyramidal shape and
that this Equation works well for at least some indenters that can not be described as
1 8
bodies of revolution. This was demonstrated by King who showed that for flat ended
punches with squared and triangular cross-sections the deviations from Equation 2.6 are
1.2% and 3.4%, respectively.
The inverse of Equation 2.6, the stiffness, 1/5 = dh/ dP is the compliance, C of
the system. The compliance is the amount of flexibility the system has and is equal to the
machine compliance, Cm plus the compliance of the indenter and the material, Cindent.
Mx19
showed in his work, that the compliance of the nanoindenter itself contributes to
the measured displacement at high loads. In other words, any yielding of the material,
indenter or machine will contribute to the final form of the load displacement curve. This
13
yielding, as would be expected, contributes more with increased loading. Because of this
it is preferable to write Equation 2.6 in terms of the compliance by modeling the machine
compliance and the indenter/material compliance as two springs in series such that
dh dh , s dh ,
,
s dh
= (m)-\ (indenter) .
dP

















Furthermore, this Equation can now be written in terms of the effective depth by







Rearranging in the form of a straight line y
= mx + b
,
we obtain the following
dh 1 1





Thus, showing that, if the modulus is constant, the measured compliance should vary
linearly with respect to the reciprocal of the effective depth. Therefore by plotting dh/dP
vs.
\jheff
the slope of the line will give 1/ p-\/24.5
E'
from which the elastic modulus
of the sample can then be calculated and the intercept of the plot yields a direct measure
of the machine compliance, Cm.
AnotherMethod ofCalculating TheArea Function
In their studies, Oliver and Pharr disagreed with the Nix- Doerner assumption
of linearity of the unloading curves for most metals. Through many tests they showed
that unloading curves are rarely linear, even in the initial stages of unloading and that
unloading data can be better described by power laws. Thus, they addressed their
concerns by introducing a new technique for analyzing indentation load-displacement
data. This method is the topic of discussion for this section.
In order to find the area function and the machine compliance, Oliver and Pharr
suggest that by using a metal of low hardness, like aluminum, large indentations can be
made and more accurate values for Cm are obtainable. This is seen by examining
Equation 2.8 for which the second term approaches zero as the area of indentation
becomes greater. Also for large aluminum indentations, the area function for a perfect
Berkovich indenter can be used as an initial guess for the area function with initial
estimates for Cm and
E*
obtained by plotting Equation 2.8 for two large indentations in
15
aluminum. These values were then used to compute the contact areas for several









from which an initial guess at the area function was made by fitting A as a function of hp
to an eighth-order polynomial
Ah)=^k] +cX + +cX4+ +Cshr VA2)
where the first term describes a perfect Berkovich indenter; and Cj through Q are
constants that help in describing how the indenter shape deviates from Berkovich
geometry due to blunting at the tip.
Because the area function influences the values of Cm and
E*
the new area
function was used to repeat the procedure for several iterations until convergence was
achieved. Oliver and Pharr continued on to check the validity of the constant modulus
concept by applying the above method to materials of greater hardnesses for which
smaller depths of indentation were achieved.
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Note however, Cathcart suggest that this correction for the area function is not
particularly important for soft metals such as annealed copper or aluminum, but should be
applied when indenting harder materials, metals and ceramics.
Hardness
As noted earlier, the hardness of a material is defined as the force divided by the
projected area of the indentation and can be calculated from the loading portion of the
load vs. displacement curve. This can be done by dividing the indentation load by the
indentation contact area at each point along the loading curve. This will permit the
calculation of the hardness as a function of the indentation depth.
The problem associated with measuring the hardness of a thin film material via
nanoindentation, is that the substrate may influence the measurement. Thus, it is
23
important that the indentation be small compared to the film thickness .
17
2.1.3 Surface Profiler
A surface profiler (see Figure 2.5) is similar to the nanoindenter in that it also





Figure 2.5 Surface Profiler.
a free-standing structure, is fixed at both ends. As the stylus-type profiler applies various
loads to the bridge the vertical position of the free-standing sample under each loading is
recorded. Using a mechanical analysis the Young's Modulus for the material and the
effects of residual strains, if any, can be calculated. The procedure is one of iterations
and is as follows. First, using a two-dimensional finite-element simulator, SUPERSAP,
the beam-like structure is modeled. Because SUPERSAP does not provide a direct
method of entering a value for the residual stress, its value in the beam is obtained
18
through an artificial use of an elevated temperature, but first the stress has to be obtained
through a separate measuring process . The stress is related to temperature by
G0=(aAT)Ey (2.13)
Within SUPERSAP this residual stress is entered by varying aAr (the thermal-expansion
coefficient and global temperature variation respectively) and guessing at Young's




where h0 and h are the heights of the unloaded and loaded structure respectively, F is the
force created by the stylus, and K is a proportionality constant with units of reciprocal
length. Re-writing this Equation in the following form allows for the calculation of the




Where dh/dF is the slope of a plot generated from the beam height versus the stylus
force. This process is repeated until the starting Ey converges to the iterative Ey.
Although these devices, the nanoindenter and the surface profiler, are capable of
measuring mechanical properties of thin films, as it becomes necessary to measure the
hardness of ultra thin films, such as in the computer industry and microsystems, new
techniques are needed to perform measurements at even shallower depths. Thus, this has
prompted others to develop methods of indentation to depths as low as lnm through the
use of
AFM'
s. The following section is intended to introduce the reader to the evolution
of the AFM. Furthermore, to assist in establishing the grounds on which the idea's of this
thesis were developed, a detailed overview on how the AFM operates is also given.
2.2 Scanning Probe Microscopy
Scanning Probe Microscopes, (SPM) are a family of instruments with a multitude
of capabilities. SPM's are imaging tools with vast dynamic ranges which span the realms
of optical and electron microscopes, while provding true three-dimensional images
- from
atoms to micron-sized protrusions on the surface of a cell. Some act as profilers with
uncanny resolution and in some cases are capable of measuring physical properties like
surface conductivity, static charge distribution, magnetic fields and elastic moduli.
Below is a generalized schematic illustrating (Figure 2.6) the components contained in all
SPM's.
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One of the first SPM instruments capable of directly obtaining real-space images
of surfaces with atomic resolution is the scanning tunneling microscope, STM. The
STM, was developed in 1981 by Dr. Gerd Binning and his colleague Heinrich Rohrer at
the IBM Zurich Research Laboratory,
Forschungslabor25
Five years later Binnings and
Rohrer were awarded the Nobel prize in physics for their findings.
2]
Afeedbadc systemto cortrol
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Figure 2.6 Schematic of a generalized Scanning Probe Microscope.
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2.2.1 Scanning TunnelingMicroscope, STM
STM's are part of a family of instruments, known as scanning probe microscopes
(SPM), used in studying the surface properties ofmaterials at the atomic to micron level.
Because the operation of an STM depends on the use of a sharp conducting (or
semiconducting) tip and the induction of an applied bias voltage between the tip and
sample surface, they can only be used to image surfaces which are constructed of
electrically conductive (or semiconductive) materials. How does an STM operate? As the
conducting tip is brought within approximately 1 OA of the samples surface, electrons
from the surface began to
"tunnel"
through this 1 OA gap and into the tip (this process can
also take place in the opposite direction depending on the bias of the voltage). The tip of
the STM is then passed over the sample (or vice versa) in a horizontal plane which causes
the current to vary. This variation, relayed through the piezoelectric, constitutes the data
set that is representative of the topographic image of the samples surface. In other
words, the STM senses the number of filled or unfilled electron states near the Fermi
surface, within an energy range determined by the bias voltage and rather than measuring
the physical topography of the samples surface, it measures a surface of constant
tunneling . It was the invention of this instrument, the STM, that laid the




The atomic force microscope,AFM described here is for commercial use in
ambient air, and is produced by Digital Instruments Inc., Santa Barbara,
CA27'28'29,30
.
Figure 2.7 illustrates the major components contained in an AFM. The cantilever and tip
Laser beam


















Figure 2.7 Schematic of an Atomic forceMicroscope.
assembly is attached to a coarse positioning system so that the tip can be moved into the




Figure 2.8 An SEM micrograph of a cantilever tip assembly. Silicon cantilevers with
integral tip.
assembly). The sample is attached to a piezoelectric scanner, which guides the sample
under the tip in a raster like pattern. In some assemblies the cantilever tip assembly is
attached to the piezoelectric, in which case the sample is then mounted on a flat surface
and the piezo moves the tip over the sample. In either case the same end results are
achieved, but the latter will be the type that will be referred to in this discussion. The
sharp tip, which lies at the free end of a microfabricated flexible cantilever, is scanned
across the samples surface in the X-Y plane in a raster like pattern (or the sample is
moved under the tip) causing the cantilever to bend or deflect. The cantilever deflection
(or the force) error signal is transferred to the control station and is monitored using a
25
technique called beam-bounce detection or laser deflection technique (shown in Figure











Figure 2.9 Schematic of beam-bounce detection technique used for detecting
cantilever deflection.
fed back to the computer system, the piezo also feeds back signals informing the
computer system of its vertical (Z) location. In other words the computer system (or
digital signal processor, DSP) controls the Z-position of the piezo based on the
cantilevers deflection error signal. Most AFM's use optical techniques to detect the
position of the cantilever. In the most common scheme, a laser beam generated from a
26
laser diode (light-emitting diodes or LED's with 5-mW max. peak output at 670nm) is
directed by a prism, at an angle of about
10
to the horizontal, on to the back of the free
end of the cantilever. The reflected beam is bounced off the vertex of the cantilever
through a mirror onto a position-sensitive photodetector (PSPD). A PSPD is a split
photodetector with four quadrants capable ofmeasuring displacements of lights as small
as 10A. The differential signal from the top (T) and bottom (B) photodiodes [(T-
B)/(T+B)] provides the AFM signal which is a measure of the cantilever vertical position.
This vertical movement can be measured to a sensitivity of sub-angstroms. This signal
can be used as input to a feedback circuit to control the vertical position of the peizo tube
scanner which tells the AFM to operate in one of two modes, constant-height or
constant-
force. In the constant-height mode the feedback gains are low, so the piezo remains at a
nearly constant deflection signal (therefore the force is changing) such that the cantilever
deflection data is collected as the cantilever accommodates the changes in topography of
the samples surface. In the constant-force mode the gains are high, so the piezo height
changes keeping the cantilever deflection nearly constant (therefore the force is constant),
and the change in piezo height is collected by the system. In either case the computer
measures the data output from the piezo and sensing device, and converts the data into a
map of topography of the materials surface (i.e. generates an image of the samples
surface).
The AFM has two modes of operation, tapping and contact, both from which the
topography of a sample surface can be
obtained. In the tapping mode the cantilever is
27
oscillated at its resonant frequency with a high amplitude (on the order of 1000A,
(0.1pm)). The cantilever is brought into the vicinity of the sample causing the tip to
touch the sample during each oscillation (hence the term tapping mode). The changes in
oscillation, due to the tip contacting the materials surface, allows the computer to
generate a topographic image of the sample. However, in tapping the vertical force of the
oscillating cantilever sometimes causes deformation in the surface of a soft or elastic
material, thus the resulting images may portray topographic and elastic properties of the
samples surface. In contact mode the tip, which gently makes soft physical contact with
the samples surface, is dragged across the sample. The soft tip contact allows the
cantilever to glide over the samples surface in such a way as to accommodate the changes
in geometry of the samples surface, hence producing a topographic image of the samples
surface. It is in this mode that this thesis attempts the analysis of nanomechanical
properties of thin films via a process called nanoindentation. However, before
introducing the methods used by this thesis to perform nanoindentation via the AFM, the
next section discusses how others have attempted this task using the AFM.
2.3 Applying the AFM as a Nanoindenting Device
Colton and
Burnham31
configured an atomic force microscope such that it would
measure the force between a cantilever tip and a sample surface as a function of the
tip-
surface separation. By doing this it allowed them to use the AFM to study the
nanomechanical properties of the sample and the forces associated with the tip-surface
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interface. More precisely, they were able to measure the elasto-plastic properties of
materials (including elastic modulus and hardness) via nanoindentation, the surface forces
associated with tip-surface interaction (Van der Waals forces), and the adhesive forces
associated with small contacts.
The cantilever beam used by Burnham et. was made of tungsten wire coated
with a thin layer of gold. The tip, which was made from tungsten wire, was chosen
because its high elastic modulus would minimize tip deformation during indentation.
They approximated the geometry of their tip by using scanning electron micrographs.
For simplicity the apparatus they used was operated in air under ambient conditions. The
samples indented included: graphite, an elastomer (a rubber band), and gold samples.
In their results it was shown that the elastomer behaved almost ideally, whereas
the graphite exhibited some minimal hysteresis upon unloading. This slight hysteresis
was attested to the strong adhesion forces between the tip and the graphite. Using this
information and modeling the tip using Sneddon's solution for an indenter of arbitrary
geometry, the following expression was used to calculate the modulus of elasticity for the
graphite and elastomer samples , (note that this solution was used for the elastomer and
graphite samples because their loading and unloading responses were ideally elastic),
F = 2Erh/(l V) (2.16)
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where F is the applied load, E is the modulus of elasticity, r is the radius of the indenter
tip, h is the depth of penetration, and u is
Poisson'
s ratio for the material. Once
determined, the modulus for the graphite and the elastomer were compared with
comparable materials (because literature values for the materials used could not be found)
like carbon/industrial graphite's, and elastomers such as isobuylene and isoprene. For the
gold, which behaves like an ideally plastic material, Burnham et.
al.35
noted that for small
contact areas the apparent hardness was shown to rise above the bulk value36.
Other work in this area was introduced by Bhushan and
Koinkar57
Through the
modification of a commercial atomic force microscope (Nanoscope III from Digital
oo
Instruments, Inc., Santa Barbara, CA) they developed a method for measuring
indentation hardness to depths as low as 1 nm. Previous hardness measurements
documented support indentation depths of 20 nm or more . The indentation technique
used allowed hardness measurements of surface monolayers and ultrathin films in
multilayered structures at very shallow depths and low loads (in comparison to other
works). The indentations were performed on a polished silicon sample by using a three-
sided pyramid diamond tip mounted on a gold-plated 304 stainless-steel cantilever with a
stiffness of 45 N/m. By using a normal load range of 10-150 uN and by setting the scan
size to zero, (allowing the tip to continuously press into the surface of the sample for
approximately two seconds), indentations on the surface of the sample were generated.
Immediately following the indentation, the surface was imaged. The nanohardness was
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then calculated by dividing the indentation load by the projected residual area, created by
the diamond tip.
For rough surfaces, such as magnetic disk surfaces, Bushan et. used a
subtraction technique to determine hardness measurements. They overlapped a small
region on the original image (before indentation) with the corresponding region on the
indented image, such that, the original image was shifted the required translational shift
until the surface features correlated to those untouched on the indented image. Next, the
original image was subtracted from the indented image. The indentation was then
measured from the subtracted image.
More recent developments in the area of nanoindentation have been introduced
through Digital Instruments . Through a support note they introduce a new software and
hardware package which can be added to existing Dimension 3000 systems for
nanoindentation. The support note describes basic nanoindentation procedures using a
three-side pyramidal diamond tip mounted to a metal foil cantilever. The spring constants
for the cantilevers are said to range from 100 to 400 N/m. In short their procedure for
indenting basically entails installing a diamond nanoindentation tip, imaging the sample
to locate an area of interest, then entering indentation mode and indenting the surface, the
latter being the new software addition. Once the indentation is completed the indentation
is imaged in tapping mode. This image is then measured in order to establish the tip
geometry. From these measurements, and through the use of trigonometry, the contact
area, A can be calculated. Using Hooke 's Law: F
= kx
,
where k is the spring constant
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for the cantilever and x is the cantilever deflection, the maximum force, F applied during
indentation can be calculated. Thus, by taking this force and dividing it by the contact
area, the hardness, Hof the sample can be determined.
T , 42 43 44 .
In each case
' '
imaging techniques were utilized to determine the geometry of
their indenter. Each uses a three-sided Berkovich type indenter tip, for which the actual
geometry of the tip is not well defined. Therefore, to define the shape of the tip Burnham
et. al. measured the tip geometry using scanning electron micrographs, whereas
Bhushan et. al. and Digital Instruments chose to extract the indenter shape via images
obtained from the AFM. Since the indents are very small, both methods ofmeasurement
in order to establish the tips geometry prove to be difficult because the small indents are
very hard to locate. Also, with the AFM if one is not careful, scanning the samples
surface could cause deformation to the indentation thus revealing a false representation of
the tip shape.
This thesis introduces a method of nanoindentation for measuring hardness and
elastic modulus of thin film samples which alleviates the problems associatedwith image
measurements by combining the analytical methods used by Nix , with the experimental
methods used by Burnham et. al49, Bhushan et. and Digital Instruments51. This is
accomplished by using an indenter tip of known geometry. Similar to traditional
hardness testers (Brinell, Rockwell, etc.) the geometry chosen was spherical. Based on
the known geometry of the tip, the hardness, H and the elastic modulus, E of the material
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are calculated. The proceeding section explains the theory behind the methods used to
obtain these properties using Digital Instruments Nanoscope III equipment.
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3 Experimental
In order to use the AFM as a nanoindenting device, there are several things that
need to be considered. First a material for indentation must be selected. Next an
appropriate cantilever and tip assembly must be constructed and its spring constant must
be determined. It is at this point that the material can be indented, a force curve can be
generated, and the mechanical properties of hardness and the modulus of elasticity of the
material can be ascertained. The following sections are detailed discussions on how this
was accomplished.
3.1 Materials selection.
The main concern regarding material selection is to construct a cantilever and tip
assembly strong and stiff enough to plastically deform the samples surface without the tip
breaking or the cantilever bending. Thus, it is safe to assume that the tip must have a
greater modulus of elasticity than the material being indented, and the cantilever must
have a reasonably high spring constant. Below is a listing of proposed cantilever and tip
materials to be used to test a bulk aluminum (2024) sample, an aluminum film (2 \xm in
thickness) deposited on to a silicon wafer and a elastomer (a rubber band) stuck to a metal
substrate via double sided tape. Silicon nitride and silicon are included in this listing
because most cantilever assemblies in use today are fabricated from these materials. The














Due to the nature of the materials chosen to be indented (aluminum and rubber), it
was decided that a silicon cantilever would suffice as the cantilever material. The tip
however was to be constructed from a very high modulus material. The ideal indenter tip
would have been one made of diamond, due to its large modulus and high hardness. Also,
due to the nature in which diamonds cleave when they are struck, obtaining the ideal
pyramidal shape geometry would have been of little concern. However, as discussed
earlier in section 2, there are difficulties associated with using an ideal (Berkovich)
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indenter. In addition, mounting and polishing a diamond of the size required would be
extremely difficult. Thus, for the purpose of this thesis, a tip of known geometry was
selected. The shape chosen was spherical and the material of choice was tungsten.




The proceeding section discusses how a new cantilever assembly was constructed
by placing tungsten beads onto an existing silicon cantilever.
3.2 Cantilever and tip construction
Before a cantilever assembly can be constructed, there are several steps that must
be taken to prepare the AFM. As mentioned above, most cantilever assemblies are
constructed of silicon or silicon nitride. Since the material selected for the cantilever was
silicon this made it possible to utilize an existing cantilever to which a new tip was
attached. This could be accomplished either by removing the old tip from the existing
cantilever and replacing it with a new one or simply attaching a new tip in front (closer to
the free end of the cantilever) of the old tip. This last method is suggested since it is a
non-destructive method, it abates the possibility of damaging the cantilever. However,
one must insure that the new tip is larger than the existing tip so that during indentation
the surface only encounters the new tip. The following sections describe the construction
of a new cantilever tip assembly.
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3.2.1 Loading theAFM tip holder andplacing the cantilever on to thepiezoelectric.
Before the cantilever assemble can be constructed and the sample indented, the tip
must be installed onto the piezoelectric. The cantilever installation fixture shown in
Figure 3.1a (a black 2.5 inch diameter anodized aluminum block) supports the tip holder
to which the cantilever tip assembly is mounted. Notice that the installation fixture has
three stations. The station positioned at six o'clock in Figure 3.1a is used for standard
AFM probing; the station positioned at two o'clock in Figure 3.1a is used for fluid
imaging contact AFM; and lastly, the station positioned at 10 o'clock in Figure 3.1a is
intended for use in future development of the AFM. Of these three stations the one that
will be referenced to, in the analysis of this thesis, will be the station positioned at six
o'clock (the standard AFM station).
The standard AFM station is distinguished from the others by a small block in the
center of the gold connector. This block assists the user when aligning the cantilever
substrate in its correct orientation on the AFM tip holder. The tip holder is shown in
Figure 3.1b. The tip holder is installed onto the installation fixture such that the AFM tip
holder's spring clip faces upward, and its sockets (on its reverse side) match the pins of
the AFM installation fixture. Due to the asymmetrical alignment of the pins, the tip
holder can only be mounted in one orientation. Once the holder is mounted on the
installation fixture the cantilever with probe tip is installed into the AFM tip holder. This
is done by pressing down on the back end of the spring clip and gently sliding it back.
The substrate is then placed into the grooved area uncovered by the spring clip so that its
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back end is butted flush against the back end of the grooved area and against one side.
and the cantilever is pointing in the opposite direction. The substrate is placed such that
Figure 3.1 Cantilever installation fixture (a 2.5 inch diameter anodized aluminum
block), and tip holder. (Photo by Russell O'Neal)
the cantilever tip is facing upward. This is evident when there is a visible
"T"
seen on the
top of the substrate which represents the cantilever mounted onto the substrate. Once the
cantilever is mounted in the AFM tip holder this assembly is removed from the
installation fixture and mounted onto the end of a cylindrical piezoelectric tube. The
piezoelectric tube is rigidly mounted near the top of the microscope. When voltages are
applied to theX and Y electrodes on the piezoelectric tube, the tube deflects horizontally
to produce a precise raster-like scan over the sample surface. Voltages applied to the Z
electrode, on the piezoelectric tube, control the vertical height of the probe. This voltage
which can be converted into a measure of length, tells us where the tip is in relation to the
samples surface. However, because the cantilever sometimes deflects when its tip
encounters certain surface features of the sample, in order to detect the true vertical
position of the cantilevers tip, the systems laser must be set such that it is aligned atop of
the cantilever and directly over its tip. This will enable the system to correct for any
cantilever deflection in its measure of vertical deflection. (The semantics behind this
method is discussed in greater detail in section 2.2.2 Atomic Force Microscope). Once
the laser is aligned the SPMStage Parameters must be adjusted. These controls and their
functions are as follows :
Sample clearance - this function controls the height of the probe tip over the sample
prior to engagement. (A good initial setting is 1000 p_m).
SPM safety this function controls the height of the probe tip over the sample when




- this function controls the step size of piezoelectric during engage.
(A good initial setting is 1 pm).
Load/Unload height - this function controls how high the tip will move above the
previously defined, or found, sample surface height, and is used for changing the
cantilever or the sample. (A good initial setting is 2000 pm).
Once the laser has been aligned and SPM Parameters have been set, the locate tip
command in the Stage menu can be initiated. This command allows the optics to locate
the tip position (Z height) and record it in memory. Next, the focus surface command in
the Stage menu can be initiated. Just as with the locate tip command, this command
allows the optics to locate the position of the samples surface and record it in its memory.
All of the above steps are taken to insure that the system is aware of the tip's location
with respect to the sample surface, in order to reduce the possibility of the piezoelectric
engaging too fast and causing the cantilever tip to slam into the sample surface, thus,
leading to a broken tip or cantilever.
Prior to utilizing the cantilever assembly as an indenter, the spring constant, k for
the cantilever must be determined. The spring constant is needed for plotting good force
vs. displacement curves, since the applied indentation forces are dependent on k, such that
f




and is of a nondestructive nature. Other destructive methods have
been introduced but these methods will not be discussed here55,56.
3.2.2 Determining the spring constant, k of the cantilever assembly using a
nondestructive methoa .
Most microfabricated cantilevers are either V
shaped58,59
or simple beams of
rectangular shape . The following spring constant calculation will be based on a
rectangular cross-section cantilever. For an end-loaded cantilever beam of rectangular





Where k is the spring constant, E is the elastic modulus, t is the thickness of the
cantilever, w is the width and / is the length of the cantilever . The beam can be
modeled as a spring of stiffness k with its effective mass dependent on the geometry of
the beam. This effective mass is
m*
0.24mb , where mb is the mass of the cantilever











Equation 3.3 shows that if several known masses are attached to the end of the cantilever,
and the new resonance frequencies are measured, a plot ofMvs.
(2.tv)~
would yield a
straight line with a slope equivalent to k, the spring constant, and the negative y-intercept
would be the effective mass, m *.
In preparation for determining the spring constant, a small sample of tunsten
beads (masses), of sizes ranging from 10 to 30 pm in diameter, were dispersed on a
mirror polished substrate. This substrate was placed onto the table of the AFM beneath
the piezoelectric. In tapping (non-contact) mode under the view menu the cantilever tune
option was selected. It is here that the initial resonance frequency, v0 was determined by
selecting auto tune. Under the stage menu the first line entry in the SPM parameters
window is the sample clearance. This value, which defines the height of the cantilever tip
over the sample prior to engaging, is normally set at 1000.0pm. This value is decreased
such that when the focus command is enabled the piezoelectric will bring the probe
(cantilever tip) within a distance of the beads on the substrate that will allow the
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cantilever and beads to be viewed simultaneously. Note however, this parameter should
be changed gradually so as not to crash the cantilever into a bead or the substrate while
the tip is descending. In this case 60pm was used because the diameter of the beads
being used were 30pm in diameter maximum. This would allow the piezoelectric to
bring the probe (cantilever tip) within 60pm of the substrate and within 30pm of the
largest beads when the focus surface command was used. Once the desired focus was
established, the cantilever length and the diameter of the bead to be picked up was
measured. Knowing the manufacturers dimensions of the cantilever, a ratio was
established between the screen cantilever length and the actual cantilever length such that
this multiplier could be used to established the diameter of the bead with respect to the
actual length of the cantilever. The cantilever was then maneuvered such that the tip was
centered over the top of the bead which was measured. Using the trackball, the cantilever
was then gradually moved downward by the motion of the piezo (while watching the
monitor) such that a noticeable deflection in the cantilever was detected (this can also be
seen by watching to see if the detector, red dot, moves from its center position). This is
an indication that the cantilever has made contact with the bead. By letting the cantilever
set in this position for approximately 30 sec. the bead would statically adhere to the tip of
the cantilever. To ensure that the bead would adhere the room was kept dry by using a
dehumidifier. Also to assist, the beads were heated in an oven at 200 F for 20 min. and
then left to cool in the room for 5 min. After letting the cantilever set atop of the bead for
30 sec, the cantilever is then raised slowly to assure cantilever-bead adhesion. Once
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again a cantilever tune is performed and a new frequency, v, is determined by performing
auto tune. [Note: if no change in frequency indicated that the bead fell off, therefore
another one was picked up and another auto tune performed]. Once the new frequency
was recorded, the bead was blown off using a delicate burst of compressed air. This
procedure was repeated five times with the fifth bead being glued on for latter use in
indenting. Thus, by using Equation 20 the masses were plotted with respect to their
corresponding frequencies from which the slope was equal to the spring constant of the
cantilever.
3.2.3 Procedureforplacing anew tip on to the cantilever.
After the spring constant of the cantilever assembly has been determined, a bead
can then be permanently placed onto the end of the cantilever. A drop of epoxy (M-Bond-
610 adhesive) was placed adjacent (but not touching) to the bead selected to be
permanently adhered to the cantilever. The cantilever is maneuvered again such that the
bead and the cantilever are both in view. By going to the stage menu, selecting the set
reference command and then choosing origin, this will set the location which the tip is
now at as the origin (0,0). Now the cantilever is moved over to the epoxy and very
slowly the tip is dipped into the epoxy, saturating the tip. . Working swiftly, but
carefully, the tip was raised out and away from the epoxy. Under the stage menu, this
time selecting move to and changing theX and Yparameters
back to zero's, then clicking
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on move, the cantilever moves back to the origin (0,0) where the bead was located. Using
the trackball, the tip of the cantilever was centered directly over the bead and then
gradually moved downward such that a noticeable deflection in the cantilever was
detected Again, this is an indication that the cantilever has made contact with the bead.
By letting the cantilever set in this position for approximately 30 sec. the bead adheres to
the tip of the cantilever. The cantilever was then left to cure over night (the curing
time
can be shortened by placing the cantilever assembly in an oven at 160C for
~ one hour,
as specified by the manufacturer63). Figure 3.2 shows an SEM micrograph of a silicon
cantilever with a tungsten bead affixed to its free end.
1 60x
1250x
Figure 3.2 An SEM micrograph showing a silicon cantilever with a
tungsten bead
affixed to its free end.
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3.3 Sample preparation
The samples used in this experiment were chosen for their representative
nature of exhibiting plastic and elastic behavior. The aluminum was expected to show
plastic behavior while the elastomer was expected to show elastic. The aluminum thin
film was prepare by sputtering a 2pm layer of aluminum onto a round silicon wafer. The
elastomer (a piece of rubber band) was not specially prepared, but it was affixed to a
metal substrate via. double sided tape. Also, tested was a bulk aluminum (2024) sample
that was mounted in bakelite then ground and polished.
3.4 Nanoindenting using an Atomic ForceMicroscope
The process of nanoindentation used here employs the same technique as that of
traditional hardness test (as discussed in section 2.1), that is, imposing a hardened sphere
under a known load into the surface of a material. When using an AFM for the purpose of
indenting there are three primary steps involved in the sequence. First, in the Real-Time
mode, the sample must be indented. Second, also in Real-Time, a good force curve must
be obtained, and last, in the Off-Line mode the data for the force curve must be extracted
and translated into force vs. displacement data, i.e. an unloading vs. loading curve, from
*
This is the operating mode of the Atomic Force
Microscope.
f
This is the non-operating mode of the Atomic Force Microscope.
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which the loading will yield hardness information and the unloading will yield the elastic
modulus for the sample.
3.4.1 Indenting procedure
In order to describe the indentation process, it will be necessary to reference
Figure 3.3 which shows a detailed schematic of the individual parts of the Atomic Force
Laser beam


















Figure 3.3 Digital Instruments, Dimension 3000AFM.
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Microscope, AFM. Before the indenting procedure was performed, the AFM was
prepared. The cantilever assembly was installed into the tip holder and placed onto the
piezoelectric. Before replacing the piezoelectric back onto the AFM the laser was aligned
atop of the tip of the cantilever at its free end such that the sum read ~ 2. Next the
parameters in the Real Time/Stage/SPM Parameters panel were set to the manufacturer
suggested values that are used when scanning:




Load/Unload height - 2000pm
These parameters were described previously in section 3.2.1. Before engaging the
surface, the Locate Tip and Focus Surface commands were executed. Then using the
photodetector mirror knobs, to the left of the piezoelectric, the Vertical and Horizontal
deflections were set between -2.0 to -1.0 and -1.0 to +1.0 respectively. This is described
for a 0.0 volt Setpoint. This places the laser spot (a red dot), on the laser screen, close to
the center of the schematic of the detector quadrants, labeled Detector. If the cantilever
bends during indentation, the position of the laser beam on the detector shifts thus
allowing the system to detect the
vertical movement of the cantilever tip. Following
these operations, under the Main Controls panel the following parameters were adjusted
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to the appropriate values: (Note: parameter units are in metric or volts as defined by the
units command)
Main Controls
Scan rate Normally this parameter controls the rate at which the surface would be
scanned and is typically set low (~ 1 Hz) so as to obtain a good scan, but during
indentation, this value has no effect on the indentation. Therefore, for indentation
purposes this value is set to 0.5 Hz.
Number ofsamples This parameter controls the resolution of the scanned image by
controlling the number of data points per scan line and scan lines per image. There is
a choice of taking 128, 256 or 512 data points. For good experimental results this
value is set at 512.
AFM mode This initializes the mode of operation in which the AFM will be
operated in. The choices of modes are Tapping and Contact (these modes are
describe in detail in section 2.2.2). For the purposes of nanoindentation the AFM
mode is set to Contact.
Scan Size - This parameter controls the size of the area to be scanned. When the tip is
engaged it automatically starts to scan based on a given scan size, thus moving down
along the Z-axis (perpendicular to the samples surface)
and then moving laterally
along the X and F-axes . For the purpose of indenting this parameter is set to zero,
therefore causing the piezo to move the tip in just the Z direction for the purpose of
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imposing an indent in the sample. (This will also minimize surface damage when the
tip is first engages the surface).
Data type This parameter controls the type of data to be collected during
indentation. There are two possible choices, Height and Deflection. Deflection refers
to the deflection of the cantilever and Height refers to the motion of the piezo in the Z
direction. Height was the setting that was used for recording indentation data.
Setpoint This parameter controls the amount of force applied to the tip via the
deflection of the cantilever by defining the desired voltage for the feedback loop.
This desired voltage is calculated based on a continuous comparison of the Setpoint
voltage to the present photodiode cantilever deflection voltage. When the gain values
are high, the Data type is set to Height and the Z piezo position changes to keep the
photodiode output signal close to the Setpoint value; thus, the cantilever deflection
remains close to being constant. When the gain values are low, the Data type is set to
Deflection and the piezo height does not change; thus, the photodiode signal varies
around the Setpoint value. This value was initially set to zero.
Integral andProportional gains - These parameters control the feedback on the piezo
height and should be set to 2-3 to start scanning. For Height data the gains should be
optimized. To optimize the gains for Height data, the Integral gain should be
increased until the piezo begins to oscillate, then decreased by two to three clicks of
the left-arrow key in order to eliminate the oscillation. The process is repeated for the
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Proportional gain. Piezo oscillations typically cause high frequency wavy lines in
the Real-time image.
Units This item selects the units, either metric lengths or volts, used to define the
parameters and the horizontal axis of the graph.
Once these parameters are set the engagement process can began.
To engage the sample surface, the Real Time/Motor/Engage command was
selected. Once the motor has engaged the Real Time/View/Force cal command was
selected. Upon entering this mode the tip disengages to some unknown distance above
the sample. It is in this mode that the tip was gradually moved towarded the sample for
the purpose of indenting the surface. Once in this mode the display monitor will show
the plot grid, on which the force curve is displayed, and the control monitor will present
the Z Scan Controls panel. The parameters in this panel should be set as follows, in order
to obtain a good force curve: (Note: parameter units are in metric or volts as define by
the units command)
Graph Controls
Z scan start - This parameter manually controls the distance between the cantilever
and the sample surface by extending the piezo. Increasing this value will bring the
cantilever closer to the sample. Its initial value is equal to the average Z-center
voltage defined by the feedback just prior to entering the Force cal mode. Visually
this parameter affects the force curve in that decreasing the value of this parameter
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shifts the force curve on the display to the left, while increasing the parameter shifts
the curve to the right. The value is limited such that the Z scan start minus the Z scan
size is greater than -220 volts.
Z scan size - This parameter sets the total range for the Z piezo movement by defining
the amplitude of the triangular waveform applied to the Z piezo. This range is scaled
along the horizontal axis of the force curve. Its value is defined by the spacing
between the dashed lines located on the Z scan range scale. Its value is also limited
such that the Z scan startminus the Z scan size is greater than -220 volts.
Z scan rate This parameter controls the speed at which the cantilever is loaded and
unloaded during indentation. Although very slow Z scan rates (< 1.0 Hz) may prove
frustrating, this value is set at ~ 0.5 Hz.
Xoffset and Yoffset - These parameters control the center position of the scan in theX
and Y directions respectively. Since the piezo only moves in the Z direction during
indentation, these values are set to zero.
Number of samples This parameter controls the number of data points collected
during the retraction or extension travel of the piezo when capturing a force curve
during indentation. The value of this parameter ranges from 4 to 512. 512 is used for
the greatest resolution of the force plot. Note: the greater the value the more time
required to collect the data.
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Average count This parameter sets the number of indents taken to average the
display of the force plot. This means that if this value is set to 10, 10 indents will be
done in order to average the data from each curve. This value was set to 1 .
Display mode This item allows the user to display a portion of the force curve by
selecting Extend or Retract, or by selecting Both, the loading and unloading curves
are both displayed.
Sensitivity - This parameter is defined as the cantilever deflection signal divided by
the voltage supplied to the piezo and must be calibrated before accurate deflection
data can be obtained. The sensitivity is equal to the slope of the force curve while the
cantilever is in contact with the sample surface. By performing the following steps to
calculate for the sensitivity, this tells the computer at what point the cantilever is
bending and no longer being forced into the sample by the motion of the piezo.
Therefore, the system uses this value to subtract off the portion of the Z motion of the
piezo that consist of cantilever deflection and thus returning a value which is
representative of the actual Z displacement of the piezo. The following steps were
completed to calculate the sensitivity for each force curve extracted: (Note: this
procedure can be performed in Real-Time or Off-Line mode).
1 . A good forced curve was obtained.
2. Using the mouse, the cursor was positioned on the upper end of the
steeply-
sloped portion of the curve.
3. The left mouse button was clicked to anchor one end of the line segment.
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4. By dragging the mouse, the line segment was positioned as to obtain the best
fit of the line segment to the steeply-sloped portion of the curve.
5. A second click on the mouse causes the system to calculate the slope of the
line segment and enter the calculated value as the Sensitivity in the Z Scan
Controlspanel.
6. By clicking the right mouse button the line segment is removed from the
screen.
Units - This item selects the units, either metric lengths or volts, used to define the
parameters and the horizontal axis of the graph. Changing this item in the Force cal
mode also changes it in theMain controls pane
Other Controls
Trigger Channel This item defines the data type used for triggering the retraction of
the cantilever. This item can be set at Deflection orAmplitude. For indentations this
item is set at Deflection.
Z step size This parameter defines the amount the piezo moves the tip down when
the step (tip down) command is activated. This value can range from 25 to 1000 ran.
Step Threshold
- This parameter defines the Deflection orAmplitude of the tip used to
trigger the force curve. As stated previously, for indenting, Deflection is used. Its
value is a positive quantity used to specify the maximum deflection (or force) that the
tip may encounter before it will retract. The deflection is measured relative to the
setpoint or the zero position of the cantilever before deflection occurs.
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Start mode This item defines what command will initiate the force plot. This item
can be set to calibrate which causes the tip to continuously step until manually
stopped (or the sample is encountered ) or step which allowed for a defined measure
to which the cantilever was stepped For indenting this item was set at step.
End mode - This item defines at what point the force curve is completed. This item
can be set to extend, surface or Retract. For indentation this item is set at Retract.
X rotate This parameter defines the pitch angle at which the tip is extended into the
surface when indenting. Since the cantilever is at an angle relative to the sample, this
parameter can prevent the cantilever from plowing the surface along the X-axis





but is normally set to
12.0
degrees.
Setpoint - Has the same function as in the main controls.
Input attenuation - This parameter controls the amplitude of the force curve plot. This
parameter was set at lx.
3.4.2 Getting aforce curve
Once the initial settings are made in the Z Scan Controls panel (in Force cal
mode) the step command can be initiated by clicking on the tip down icon shown in
Figure 16c. This command is repeated until a force curve is generated on the display
monitor. The number of times the step command is initiated is dependent on how far the
tip is initially from the sample, how large the Z step size is, the number of samples, and
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the average count. Also, although the initially suggested settings for the parameters
usually produce a good force curve, some adjustments to these value may need to be
made. These adjustments are unique per each force plot, thus practice and patience is a
necessity in the achievement of a good force curve. In the event of a false engagement,
and a force curve is not obtainable, it will be necessary to withdraw the tip and adjust the
Vertical Deflection such that it is 2-3 volts more negative than the Setpoint voltage. The
condition of false engagement typically occurs up to 50 percent of the time. False
engagement may happen due to various reasons64. However, the main cause of
false
engagement is due to optical interference on the photodiodes, which causes the vertical
deflection voltage to move slowly toward the setpoint voltage. When
this occurs, the
feedback loop assumes that the tip has contacted the sample. Once this happens
the
system will only allow the piezo to step within the
limits of its travel, as defined by the Z
scan start and Z scan size parameters in the Force cal control panel. If the sample is too
far away from the tip and these limits are reached,
the piezo will not extend far enough
such that it will encounter the sample surface. Digital Instruments suggest correcting
this problem by making the vertical deflection voltage about 2-3
volts more negative than
the setpoint voltage. The reason for this is that a distinct jump of about 1 volt for the
vertical deflection voltage to the setpoint voltage will indicate a good
engagement.
After a good force curve is obtained, and the sensitivity has been set, the curve
can be captured. By using the left mouse button to
click on the capture icon the force
curve will be captured and saved under a given file name to
the hard drive. Next, the
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Force cal mode is exited and the motor in withdrawn. The user must now go to the Off-
Line mode of the AFM by using the left mouse button to click on the Off-Line icon.
Under the View/graph command in Off-Line, the captured force curve file is selected. In
this menu the calculated sensitivity and the spring constant for the cantilever can be
entered. The file is re-saved and this menu is exited. The force cal data file is then
converted to a readable-text file using the ASCII Export command in the Off-Line/Utility
menu. There is also the choice of saving the data file as one column or more. It is best to
save the data as one column because it is easily manipulated in this fashion. Whereas, if
the data were in two columns or more, it is read by rows from left to right (similar to
reading a paragraph), thus making it more difficult to manipulate. The data can now be
transferred to a DOS filename and then downloaded to an Excel spreadsheet program for
further analysis.
3.4.3 Plotting theforce vs. displacement curve.
Using the force curve data file obtained from the AFM, the force curve is
re-
plotted in an Excel spreadsheet so that the loading and unloading portions of the curve
can be used to calculate the mechanical properties of the material.
The basic ASCII Export file contains a header, followed by the actual data.
(Actual force curve files are shown in the appendix). The header contains parameters
specific to the type of force imaging performed and software version. In order to re-plot
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the data it must first be separated from the header and then converted to be of use. This is
done by using special Equations prepared by Digital Instruments66.
The force file data consist of data points for the extend and retract traces. For
instance if a plot was captured at 512 samples / line then the first 512 data points are the
extend data points and the following 512 are the retract data points. These values can be
converted into force, F (riN) using the following formula : (Hooke's Law: F = kx)





Input attenuation model (3.4)
Where k represents the spring constant for the cantilever and can be found in the *Force
image list section of the header; data point represents an individual data point to be
converted; Inl max can be found in the ^Controller list section of the header; In
sensitivity can be found in the ^Microscope list; Detect sens can be found in the *NC
Afm list along with the Input attenuation mode. Next, the depth of indentation, h at
which each force is applied must be calculated. Again, using Equations specified by











Where, again in the header, Samps/line is found in the *Force image list; Scan size is
found in the *Force cal list; Z max is found in the ^Controller list and Z sensitivity is
found in the ^Microscope list. So, h1 is the indentation depth created by the first load, F,
and hj + hl would be the depth, h2 created by the second load, F2 and h2 +hj would be the
depth, h3 created by the third load and so on and so on A plot of applied
loads, F vs. depths of indentation, hn was made which was identical to the force plot
obtained in Real-Time on the AFM.
Once the curve was re-plotted using Excel there were several additional steps that
were taken so as to manipulate the plot, without disturbing the data, such that it was in a
form that physically made sense. The form of this curve was such that it resembled a
typical loading and unloading curve. A typical loading and unloading curve (shown in
Figure 2.3 section 2.1.2) starts at the origin of an axis at zero depth and zero loading.
As the loading is increased so does the depth of indentation. The manor in which this
increase in depth occurs is dependent on the nature of the material being indented. Once
the loading or depth is at its maximum requested value, the loading is retracted
(unloaded). (Again the shape in which the unloading curve takes is also dependent on the
material). Figure 3.4a gives an example of a force curve obtained from the AFM. Point 1
represents the most retracted position of the piezo while point 2 represents the point at
which the tip has contacted the sample. Since this portion of the curve actually represents
non-contact with the surface, the curve is shifted such that it truly shows this. This is
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shown in Figure 3.4b. Also, since the area between points 1 and 2 are zero and is
irrelevant in the calculation of hardness and elastic modulus, this portion of the curve is
eliminated. In addition, due to the nature of the system (the AFM) the data is plotted
from right to left and is read in the same manor. In other words, the data from the AFM is
plotted in reverse of what is seen for a typical loading and unloading curve. (The arrows
on the loading and unloading curves, in Figure 3.4a, show the direction in which the data
was obtained and plotted). Therefore in order to interpret the data from this curve in the
correct manor as compared to a typical loading and unloading curve, it was necessary to
re-plot the data such that it physically made sense. This was done by taking the data and
re-plotting it from left to right, this is shown in Figure 3.4c. Finally, in Figure 3.4d the
curve was shift to the right such that the extending curve started at the origin (the is the
actual point of zero loading and zero displacement). The curve in its later form was used




a. AFM force curve.
Z position






b. Curve shifted to horizontal zero.
Z position
d. Zero pionts on curve (1-2)
shifted to zero (to the left).
Figure 3.4: AFM force curve showing elasto-plastic indentation. The graphs depicts
two curves, one as the tip extends into the surface, and the other as the tip
is withdrawn from the surface. The separation between the two curves
indicates that the sample has been plastically displaced by the tip.
3.4.4 Force curve analysis - interpreting data outputfrom theAFM.
Once the force curve is exported to an excel file and re-plotted as stated in the
previous section, certain mechanical properties of the material can then be obtained. A
typical loading and unloading curve is shown in Figure 2.3, where the load is plotted as a
function of the depth of indentation. The two properties in particular that this thesis
addresses are the hardness, H and the modulus of Elasticity, E. The following discusses
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the methods used in this thesis to calculate the hardness and elastic modulus for a
material via the AFM.
Hardness properties
Hardness of a thin film material is of great importance. The hardness of a material
is defined as force divided by area and can be calculate from the loading portion of the
load vs. displacement curve, simply by dividing each individual indentation load by its
corresponding contact area at each point along the loading curve. This permits a
measurement of the hardness as a function of indentation depth.
In order to calculate the hardness, the area as a function of the indentation depth
must be determined. Thus, if using a tip of spherical formation we must first derive an
Equation for the surface area of a sphere. Figure 3.2 shows an SEM micrograph of a
silicon cantilever with a tungsten bead affixed to its free end. The Equation of the sphere





and the surface area of a sphere can be determined by integrating over the surface A. If /
and its first partial derivatives are continuous on the closed region R in the xy-plan, then
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the area of the surface z = f(x,y) over R is given by the following :
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thus, Equation 3.7 can be rewritten as














we can convert from rectangular coordinates to polar coordinates by letting
r2
+-
and dA = rc/rc* . Then, since the region R is bounded by
i < r <
4lRh-h2
and 0 < 6 < 2n
where
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R2=r2+(R-hy => R2=r2+R2-2Rh +
h2
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surface area -2Rnh (3.9)
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Therefore the Equation of the surface area, A as a function of the depth of indentation, h
is A = 2Rnh . Thus, the hardness, H of the material can now be determined by
H = - = -? (3.10)
A 2R%h
where R is the radius of the sphere.
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Elastic properties
The modulus of elasticity can be calculated, through extensive Equations, from
the slope of the unloading curve, provided that the contact area and the elastic properties
of the indenter are known. During the indentation process as the load is removed from
the indenter, the indenter is forced out of the material by the elastic restoring forces of the
system. This unloading process allows one to calculate the elastic properties of the
material. Knowing the dimensional structure and elastic properties of the indenter, the
elastic properties of the material can by determined by the following procedures. Note
however that there are two general forms of force curves that can be expected, ideally
elastic or ideally plastic. (These are shown in Figure 3.5). However, it is typical of most
material to exhibit evidence of both plastic and elastic behavior. (The combination of
elastic and plastic behavior is represented by the elasto-plastic curve in Figure 3.5).
Thus the following discusses two methods of achieving the elastic modulus for a given
material. The method used will depend on the material indented and whether or not the
curve is ideally elastic or elasto-plastic.
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Depth of Indentation, h
Figure 3.5 Ideally elastic, ideally plastic and elasto-plastic loading and unloading
curves.
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Ideally elastic force curves
For an ideally elastic force curve the method of determing the elastic modulus is
very simple. For force curves that vary linearly with respect to the depth of indentation,
Equation 2.16 can simply be used to calculate the modulus of elasticity, provided that
the shape of the tip is well defined for an indenter of arbitrary geometry.
Elasto-plastic force curves
For these types of curves the process of obtaining the elastic modulus is more
detailed and centralize specifically around the unloading curve. The procedure is a
follows.
Knowing the points that make up the unloading curve, we can calculate the
Equation of the unloading curve. Thus, knowing the Equation of the unloading curve and
all the points that make up this curve, the lines passing through these points and tangent
7 1
to this curve can be determined These lines are equal to the stiffness, dP/dh of the
system. The points at which these lines intercept the x-axis are the effective depths, heff
as shown in Equation 2.1 of section 2.1.2. By plotting the inverse slopes of these lines,
dh/dP (which equals the compliance of the system) vs. \/)heff , this permits the
calculation of the elastic properties of the material being indented. The following is an
in-depth explanation as to how this was accomplished.
Using the least squares method for nonlinear curves the Equation of the unloading
curve was found72. (This Equation was checked by plotting the points of the unloading
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curve using Microsoft Excel and then plotting a curve through these points by using the
trendline function with a third order polynomial). Once the Equation of the unloading
curve is known, the tangent lines to each point that make up the unloading curve can be
found. This is done by using the general Equation of a line tangent to a curve at a
specified point; ie. Given that/ft) is equal to the Equation of the unloading curve then,
y-
v, =/ '(Xj) (x - XJ is the general Equation of the tangent line to the curve at points (xt, yf
Throughmanipulation this Equation can also be written as
v =f(xi) x + [yt -f(x) x,J (3.11)
which is in the form y
=
mx + b, and is the line tangent to the curve at points (xt, y) ;
where mis the slope of the line tangent to the curve at point (x^yj). This slope, m is
then the stiffness, S for the
system7,74
T-**--f
and the inverse of the stiffness, 1/S
= dh/dP is the compliance, C of the system. As
discussed in section 2.1.2 the compliance is the amount of flexibility the system has and
is equal to the machine compliance, Cm plus the compliance of the indenter and the
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Where -JA is equal to v24.56 /zeff for a Berkovich indenter, but in this case the A is
equal to 2Rnh for a spherical indenter, as calculated in the section entitled hardness
properties. Thus Equation 2.8 can be rewritten as
dh 1 1
+CM (3.12)
dP pVM E* Jh^
Therefore by plotting the compliance, dh/dP vs. V^Kff me slPe of the line will give
l/(pV27ri?
_.*)
from which the Modulus of Elasticity of the sample can be calculated
using Equation 2.5 and the




Using the procedure as discussed in the previous section, the following are
obtained for the various samples indented. This includes the calculated spring constant
value for the cantilever assembly used for indenting the sample, the captured force
calibration plots from the AFM along with their corresponding ASCII files, the excel
re-
plots of the force curves, the loading data points used to calculate the hardness of the
sample, the unloading data points used to calculate the elastic modulus of the sample, the
calculated hardness values and the calculated modulus values.
4.1 Spring Constant
Five measurements using tungsten spheres varying in diameter from \6\am to
29\x.m were made on a single cantilever whose unloaded frequency was 282. 765kHz. The
masses of the tungsten beads were calculated by measuring the sphere's radii and using a
bulk density of 19.3 g/cm3. Using Equation 3.2, the added masses, m were plotted versus
//co2
for the cantilever. This is shown at the bottom of Figure 4.1 in the spring constant
plot. A linear regression of the data produced a spring constant (the slope of the plot) of
48.801 N/m. This spring constant was used in the proceeding section to calculate the
applied forces of the indentations made.
Once the spring constant of the
cantilever was determined and the tip was glued
on to the end of the cantilever per section 3.2.3, the radius of the tip was measured.
Using a high powered microscope the
radius was obtained by averaging six measured
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values. The average radius of 12. 7009\im is shown in Figure 4. 1 under "Radius oftip as
measuredfrom microscope:
"
This was the value used in later sections to calculate the
indentation surface area.
The following section shows one example AFM plot, Excel plot, and compliance
plot for each sample indented. Each sample was indented three times. The resulting
hardness and elastic modulus for each indent is given.
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Spring Constant Calculations For Scanning ProbeMicroscopy Cantilevers
Svmbol Definition Equation Units
L actual length of cantilever N/A urn
1 length of cantilever measured from monitor N/A cm
d. diameter of tungston bead measured from monitor N/A cm
d, diameter of tungston bead measured from monitor N/A urn
v unloaded frequency N/A Hz
v. loaded frequency N/A Hz
M mass of the tungston bead p(106X4/3)rir3(10-"1) g
k spring constant of the cantilever 4n2M/[(l/V 2)-(i/v02)] N/m
P density N/A g/cm
CO angular frequency 2ITV, Hz
Cantile\ er - silicon, tip
_ tungston
L 1 do d, V V, P M k
(um) (cm) (cm) (um) (Hz) (Hz) (g/cm ) (g) (N/m)
125 8.5 2 29.4117647 282765 68519.8 19.3 2.571E-07 50.6281358
125 8.5 1.7 25 282765 101069 19.3 1.579E-07 73.001894
125 8.5 1.1 16.1764706 282765 149191 19.3 4.278E-08 52.0885296
125 8.5 1.5 22.0588235 282765 103856 19.3 1.085E-07 53.3899566
125 8.5 15 22.0588235 282765 99447.3 19.3 1.085E-07 48.3271235





14.71 68520 430522.601 19.3 2.571 1E-07 5.395E-12
12.5 101069 635035.256 19.3 1.57898E-07 2.48E-12
8.088 149191 937394.699 19.3 4.27767E-08 1.138E-12
11.03 103856 652546.493 19.3 1.08468E-07 2.348E-12





















slope = k = 48801 g/s











Therefore the spring constant, k for the cantilever
= 48.S01 N/m




Figure 4.2 shows the force calibration plot captured from the AFM for the bulk
aluminum sample. Using Equations 3.3 and 3.4 from section 3.4.3, the applied forces and
depths of indentation were calculated and re-plotted using Excel as shown in Figure 4.3.
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Depth of Indentation, h (m)
Figure 4.3 AFM force curve re-plotted in Microsoft Excel for a bulk aluminum sample.
Hardness
The hardness of the bulk aluminum sample was calculated by dividing the
maximum applied load by the corresponding maximum surface area at the maximum
penetration depth. This value was calculated to be 1. 73 Mpa at a maximum depth of
257 nm and a load of 9290 nN. The sample was indented two additional times in two
different places for which the hardness value for the second indent was 1.34 MPa at a
maximum depth of 271 nm and a load of 8258 nN, and for the third indent the hardness
was 1.15 MPa at a maximum depth of 274 nm and a load of 8231 nN. The average
harness for the sample, for the three indents, at an average depth of 267nm was
calculated as 1.41 MPa . Table 4.1 gives a summary of this information.













1 257 67.4 9290 1.73
2 271 77.1 8258 1.34
3 274 89.6 8231 1.15
Average 267 78.0 8593 1.41
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Elastic Modulus
The elastic modulus of the sample was calculated using the data from the
unloading portion of the curve shown in Figure 4.3. In order to calculate the elastic
modulus the Equation of the unloading curve was determine by using the least squares
methodfor nonlinear curves. A third order polynomial was used to represent the shape of
the unloading curve. This Equation is shown on the plot of the unloading curve in
Figure 4.3. Using this Equation, the slopes, dh/dP (stiffness of the system) of the lines
tangent to each point on the unloading curve were calculated. The y-intercepts of each of
the lines are the effective depths, heff for each indentation depth. Using this information
the compliance plot shown in Figure 4.4 was generated. This was done by plotting the
inverse stiffness (the compliance of the system) vs. VJheff . From the slope of this curve
the elastic modulus was calculated using Equations 2.5. Note that the values for
Poisson'
s ratio of the material,
Poisson'
s ratio of the indenter and the elastic modulus of
the indenter (tungsten) were 0.3, 0.3 and 345 GPa respectively . These values are shown
in Figure 4.4. The elastic modulus obtained for the material for the first indent was
calculated to be 0.0127 GPa. For the second indent the elastic modulus was 0.0123 GPa
and for the third indent 0.0115 Gpa. The average modulus for the sample, for the three
indents, was calculated as 0.0122 GPa . Table 4.2 gives a summary of the modulus data
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Figure 4.4 Compliance plot for a bulk aluminum sample.









4.3 Thin Film Aluminum Sample
The Force Curve
Figure 4.5 shows the force calibration plot captured from the AFM for a 2pm
thick aluminum sample. Figure 4.6 shows the Microsoft Excel re-plot of the curve from
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Figure 4.6 AFM force curve re-plotted inMicrosoft Excel for a thin film aluminum sample.
Hardness
The hardness values calculated for the 2pm thick film are shown below in
Table 4.3.














1 96.8 60.1 5595 1.17
2 77.4 68.3 1792 0.33
3 106 75.2 3425 0.57
Average 93.4 67.9 3604 0.69
Elastic Modulus
Figure 4.7 represents the compliance plot for the 2pm aluminum sample.
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Figure 4.7 Compliance plot for a thin film aluminum sample.










4.4 Elastomer (rubber band) sample
The Force Curve
Figure 4.8 shows the force calibration plot captured from the AFM for the
elastomer sample. Figure 4.9 shows the Microsoft Excel re-plot of the curve from which
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Depfli of Indentation, h (m)
Figure 4.9 AFM force curve re-plotted in Microsoft Excel for an elastomer (rubber
band) sample
Hardness
The hardness values calculated for the elastomer are shown below in Table 4.5.













1 2027 817 85295 1.31
2 192 18 10580 7.54
3 200 9 7378 10.2
Average 6.35
Elastic Modulus
The modulus for the first indent was solved for by using the same method that
was used for the aluminum samples. However, because the second and third indents
1ft
displayed linear behavior, which is ideally expected for an elastomer, Sneddon's
solution was used to solve for the elastic moduli for these two indents. (Figure 4.9
represents the Excel plot for the elastomer sample, since the ideally elastic behavior of
the second and third indents are intuitive). The compliance plot for the elastomer sample
is shown in Figure 4.10, and the calculated elastic moduli for the three indents are shown
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Figure 4.10 Compliance plot for an elastomer (rubber band) sample.












In response to indentation, as discussed previously, there are two general types of
force curves to be expected, ideally plastic and ideally elastic (see Figure 3.5). However,
real materials typically exhibit a combination of the two. For the loading and unloading
curves of the aluminum samples (Figures 4.3 and 4.6) and for the first indent in the
elastomer sample (Figure 4.9) the expected elasto-plastic characteristics are exhibited.
For the second and third indents in the elastomer the curves overlap as the load increases
and decreases linearly with respect to the penetration depth. Thus, these curves exhibit
the response expected for and ideally elastic material.
5.2 Hardness
In order to ascertain the validity of the hardness measurements calculated from the
force curves, it was necessary to establish a comparison between the experimental values
and literature values. For the bulk aluminum sample, conventional hardness test, using a
Knoop hardness tester, was performed at a minimum possible load of 10 g. Below
Table 5.1 compares the average calculated experimental hardness with Knoop and
literature hardness values. Also shown in Table 5.1 is a comparison between
experimental and literature hardness values for the thin film aluminum sample. It has
been shown elsewhere that hardness values for thin films tend to mimic or be greater than
the hardness values of bulk materials77,78. Although for the aluminum samples,
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experimental comparison to literature values do not concur, similarity is shown amongst
the corresponding indents for each sample, indicating that the method is consistent. For
the elastomer, comparative literature values were not available. However, as expected,
experimental hardness values for the elastomer are much lower than the bulk and thin
film literature values. This suggest that the elastomer hardness values are with in reason.








Bulk Aluminum 1.41 1363
1680"
2pm thickAluminum 0.69 N/A
5006U
Elastomer (rubber band) 6.35 N/A N/A
5.3 Modulus ofElasticity
In order to establish the accuracy of the elastic modulus calculated from the AFM
force curves, again it was necessary to compare experimental values to literature values.
Below, Table 5.2 compares the average calculated elastic modulus values for each
sample tested to literature values. Similarly, as with hardness values, literature has shown
that elastic modulus values for thin films also mimic or are greater than the values for
bulk materials81'82. Again, the AFM values for the aluminum samples do not comply
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with literature values. However, the experimental value for the elastomer agrees with the
expected value.
Table 5.2 Comparison ofmeasured elastic modulus with values from literature.
Material AFM Literature values
Bulk Aluminum 0.0122 GPa 68.9
GPa"
2pm thick Aluminum 0.0214 GPa N/A
Elastomer
(rubber band)
3.58 MPa 0.35 21
MPa5*
The experimental hardness and elastic modulus values for the elastomer show
comparable results to literature values. However, the converse is true of the aluminum
samples. In order to account for the discrepancies in both hardness and elastic modulus
values for the aluminum samples, it was inevitable that the procedures used be revisited
and investigated for sources of error. In doing so, a new semiemperical formula,
developed for the hardness determination of the materials from depth sensing indentation
tests, was encountered85. This alternative
method was introduced as a more accurate
means of calculating the hardness of
materials that exhibit a significant amount of elastic
deformation. Using this technique as a means of recalculating the hardness of all three
samples, the results obtained
were shown to be comparable to the previously calculated
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harnesses of Table 5.1. The results can be seen below in Table 5.3. Clearly, these
results re-enforce the cogency of the original technique used to calculate hardness.
Table 5.3 Previously calculated hardness values vs. new values.





Bulk Aluminum 1.14 1.58
2pm thick Aluminum 0.69 0.96
Elastomer (rubber band) 6.35 8.31
Also, in an effort to re-evaluate the experimental elastic modulus values, the
Equations of the unloading curves for each sample were revisited. The proportion of the
variance in the applied loads, P attributable to the variance in the depths of indentations,
h was calculated by determining the r-squared value of the two arrays for each curve.
The closer this value (r-squared) is to one (1), the more accurate the curve fit. The
average values of r-squared for all the curves were 0.9999, 0.9019, 0.9923 for the bulk
aluminum, the thin film aluminum, and the elastomer respectively. This indicated that
the Equations of the curves used, to calculate the modulus of elasticity of the samples,
were reasonably accurate in fit. These results in
conjunction with the results found in
using the new method of calculating
hardness properties, point out that the experimental
procedure used in this thesis is applicable to elastic materials, but not as of yet applicable
to elasto-plastic materials (harder materials). This is evident by the good results seen
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with the elastomeric sample versus the non-comparable results obtained with the
aluminum samples.
In revisiting the technique used for calculating the properties of hardness and
modulus of elasticity for the samples indented and determining that the procedure works
well for ideally elastic samples and not harder samples (elasto-plastic), it was necessary
to determine why this was true. One reason may have been due to the structure of the
cantilever tip assembly. Using a cantilever for indenting which is not stiff enough would
cause the cantilever to deflect (bend upward) rather than the tip indent the sample. This
would give a false indication of the depth traveled by the tip. In order to correct for this
upward bending motion the sensitivity of the cantilever deflection was calculated.
Although the sensitivity is meant to establish a relationship between the deflection of the
cantilever and the displacement of the tip, the method as stated earlier is rather crude. It
is basically established by using ones visual judgment. This may have resulted in
misleading force curve information, resulting in inaccurate hardness and modulus values.
Since upon indenting the elastomer the cantilever conceivably experienced very little to
no deflection, the results for the elastomer were more accurate than those calculated for
the aluminum samples. One way of correcting this error would be in understanding the
macro used by Digital Instruments to calculate the sensitivity. Another method of
correcting for this error would be to construct a cantilever assembly, with a large spring
constant, such that it would indent the aluminum sample without deflecting.
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Another source of error lies in obtaining a correct force curve. Literature depicting
force curves captured form AFM's typically shows the loading curve to the right and the
unloading curve to the left86'87'88. Without alternating the data it self, the curves were
transformed such that they were in a form that physically made sense. This was done by
shifting the point on the curve at which the tip was at zero load and zero displacement to
zero on an X, Y-axis (this is shown in Figure 3.4a.). By doing this the plot physically
makes sense since the loading curve must start at zero load, zero displacement and end at
maximum load, maximum displacement; the unloading curve should then start at
maximum load, maximum displacement and end at zero load with a displacement greater
than zero and less than the maximum displacement for and elasto-plastic sample, or equal
to zero for an ideally elastic sample, or equal the maximum displacement for an ideally
plastic sample. Although the analogy used in establishing this procedure is perfectly




The purpose of this thesis was to investigate the feasibility of using an Atomic
Force Microscope to measure nanomechanical properties of thin films via nanoindenting.
The primary reason for doing this was so that the mechanical properties of hardness and
elastic modulus for thin films could be measured. Thus, enhancing the operation of the
AFM such that in addition to its capabilities of obtaining topographical information from
a sample, it would also be utilized as a means of identifying unknown materials via their
mechanical properties. Also, since previous methods call for measuring the indenter tip
geometry from an image of the indentation to calculate hardness, the method introduced
here for measuring hardness and elastic modulus are based on methods which do away
with the need to image the indent. By doing so this alleviates the difficulties typically
encountered when measuring the shape of the indenter from an image, since thin film
indents are very small and difficult to locate.
In order to analyze the mechanical properties of the materials, subsequent to the
indenting process, loading and unloading force curves were generated. In general the
resulting force curve for the aluminum and the
elastomer were as expected. The curves
for the aluminum samples resembled the typical characteristics of a material, a
combination of plastic and elastic properties, whereas the curves for the elastomer
resembled the characteristics of an ideally elastic material. From these curves the results
revealed that the potential for measuring mechanical properties of elastic thin films using
the AFM holds true. The favorable comparison between the experimental and literature
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values for the elastomer sample supports this. For the aluminum sample however, the
experimental results were less comparable to literature values. Thus showing that this
technique is not yet applicable to elasto-plastic materials.
Based on the outcome of the results, the objectives of this research have been met.
It has been shown that the potential to measure nanomechanical properties of thin films
via and AFM is feasible. The methods used here have demonstrated that the indentation
procedure works for elastic materials, however, in order to use this procedure for plastic
models, further development is needed. Below are suggested steps
toward further
development in applying the AFM as a nanoindenting device.
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7 Recommendations For Future Development
The first step toward further development in applying the AFM as a
nanoindenting device would be to insure that the cantilever tip assemble is stiff enough.
As discussed previously it is of grave importance that the cantilever tip assembly be of a
greater stiffness than the sample material. This will insure that the sample is truly being
indented by the tip versus the tip only touching the sample surface and the cantilever
simply deflecting without the tip indenting. Suggested materials for the cantilever would
be diamond or tungsten and for the tip, diamond. These materials would assure a
cantilever assembly stiff enough to indent a vast variety of samples. Also, currently there
is no method established such that the depth of indentation or the applied load can be
established prior to indenting. Since hardness is dependent on both, having this type of
information prior to indenting could assist in creating force curves which could be
compared directly. In addition the repeatability of the procedure could be better justified.
Finally, the transformation of the AFM force curves to loading vs. unloading curves
needs to be better understood.
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